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Enantioselective Synthesis of Epoxides Having a Tetrasubstituted
Trifluoromethylated Carbon Center: Methylhydrazine-Induced
Aerobic Epoxidation of f3,3-Disubstituted Enones**

Hiroyuki Kawai, Satoshi Okusu, Zhe Yuan, Etsuko Tokunaga, Akihito Yamano, Motoo Shiro,

and Norio Shibata*

Ever since the milestone of asymmetric epoxidation of allylic
alcohols in the early 1980s by Katsuki and Sharpless,['! the
catalytic asymmetric epoxidation of olefins has become one of
the most powerful, well-explored, and reliable transforma-
tions in organic synthesis for providing enantiomerically
enriched epoxides, which are versatile building blocks for the
synthesis of biologically active molecules and advanced
materials.”) A large number of catalytic systems for asym-
metric epoxidation have been devised over three decades and
can be categorized into three classes according to the
combination of catalysts and oxidants: a) metal complex/
active oxidant,™! b) metal complex/molecular oxygen, and
c) organocatalyst/active oxidant.”) Despite tremendous
efforts by many groups, the catalytic asymmetric epoxidation
of acyclic B,p-disubstituted enones is still a challenge,®
particularly for (3,p-disubstituted enones bearing a trifluoro-
methyl group at the B-position. In 2011, Yamamoto and co-
workers provided a very nice solution to the catalytic
asymmetric epoxidation of acyclic f3,p-disubstituted enones
with an iron complex consisting of Fe(OTf), and a carefully
designed phenanthroline ligand.[®® This chiral iron phenan-
throline system is effective for the asymmetric epoxidation of
a variety of acyclic p,p-disubstituted enones, however, no
example was shown for the asymmetric epoxidation of f3,(3-
disubstituted enones having a p-trifluoromethyl group. In
2012, Feng and co-workers investigated chiral N,N’-dioxide-
metal complexes for the epoxidation of -monosubstituted
enones including a f-trifluoromethyl group using hydrogen
peroxide and found that optically active epoxides could be
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obtained with excellent enantioselectivities, but method was
not be applicable for f,B-disubstituted enones.”! We disclose
herein the first asymmetric epoxidation of (,3-disubstituted
enones 1, having a -trifluoromethyl group, by the serendip-
itous discovery of an aerobic organocatalytic system consist-
ing of methylhydrazine (H,NNHMe), a base, and a cinchona
alkaloid phase-transfer catalyst (Scheme 1). Enantiomerically
enriched trifluoromethylated epoxides with a tetrasubstituted
carbon centers (3) were obtained for the first time, instead of
the pyrazolines 2, in excellent yields, excellent diastereo-
selectivities, and enantioselectivities (96-99 % ee).

4 Me, N
cat. 4a (5 mol%) 1 N~
N
HaNNHMe (1.2 equiv) A D—Ar
Al O Cs,CO;3 (catalytic to FsCZ(trace)
g 1.2 equiv) )
FsC A "Air (1 atm) Ao @
1
MTBE (0.017 M), RT Foc Y Ar2

(2S, 39)-3
90-99%, d.r. =>13:1
96-99% ee (major)
96-99% ee (minor)

Scheme 1. Asymmetric aerobic epoxidation of (-trifluoromethyl-g,p3-
disubstituted enones 1 by a methylhydrazine/base/cinchona alkaloid
system. MTBE = methyl tert-butyl ether.

Trifluoromethylated organic chemicals are finding
increased utility in various fields including medicinal, biolog-
ical, agricultural, and material chemistry. The trifluoromethyl
group has a bigger van der Waals radius than a methyl group,
the same electronegativity as oxygen an atom, and high
lipophilicity, which often alters the physical, chemical, and
physiological properties of the parent molecules when it is
attached.® Our group has been engaged in the development
of the efficient synthesis of trifluoromethyl-containing
organic molecules for more than a decade.”” During our
recent research program directed at the catalytic asymmetric
synthesis of biologically important isoxazolines, pyrrolines,
and pyrazolines bearing a trifluoromethyl group at a chiral
carbon center,'” we discovered an unprecedented asymmet-
ric epoxidation of the p,-disubstituted enones 3, a reaction
which could be a solution for a long-standing synthetic
problem. Namely, when we attempted to synthesize trifluoro-
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methylated pyrazoline 2 by the treatment of (E)-4,4,4-
trifluoro-1,3-diphenylbut-2-en-1-one (1a) with methylhydra-
zine (H,NNHMe, 3.0 equiv) in the presence of the cinchona
alkaloid 4a (10 mol%) and Cs,CO; (3.0 equiv) in iPr,0
(0.017M) at ambient temperature, the enantioenriched epox-
ide (25,35)-3a with a trifluoromethylated quaternary carbon
center was obtained, instead of 2, in a 99% yield with
excellent diastereoselectivity (> 15:1) and excellent enantio-
selectivity of 98 % ee (Table 1, entry 1). This exciting result

Table 1: Hydrazine-induced aerobic asymmetric epoxidation of 1a:
Optimization of reaction conditions.

hydrazine (3.0 equiv)

base (3.0 equiv)

0,
Ph O gf’r"(fgﬁ)m”‘) Ph. O Me. -N
Pho
x Ph
Fsc)\)LPh solvent (0.017 M), RT Fack'/U\Ph F3C>l*\)\
1a (25,35)-3a 2 (trace)

d.r.=>15:1

4a:R'=0OMe, R% = H, Ar = 3,5-(CF3),CgH3
4b:R"'=H, R?=H, Ar = 3,5-(CF3),CgH3

4c :R' = OMe, R? = H, Ar = 3,5-tBu,CgH3

4d : R' = OMe, R? = Me, Ar = 2,5-(CF3),C¢Hs

Entry Hydrazine 4 Base Solvent t  Yield ee [%]1
(] (%] Major Minor
1 H,NNHMe 4a Cs,CO, PO 5 99 99 98
2 none 4a (Cs,CO; iPr,O 24 NR - -
3 H,NNHMe 4a none iPr,0 24 NR - .
4 H,NNH, 4a Cs,CO; iPr,O0 20 5 n.d. n.d.
5 H,NNHPh 4a Cs,CO, iPr,O 20 7 nd.  nd.
6 H,NNHAc 4a Cs,CO, iPr,O 20 7 nd.  nd.
7 H,NNMe, 4a Cs,CO; iPr,0 20 NR - -
8 H,NNHMe 4a Na,CO; iPr,0 20 trace n.d. n.d.
9 H,NNHMe 4a K,CO; iPr,0 24 70 96 98
10 H,NNHMe 4a KOH iPr,O 3 93 97 97
1 H,NNHMe 4a KOAc iPr,0 20 trace n.d. n.d.
12 H,NNHMe 4a tBuOK iPr,0 20 CP n.d. n.d.
13 H,NNHMe 4a (Cs,CO; Et,0 20 95 97 98
14 H,NNHMe 4a Cs,CO; THF 1 99 97 97
15 H,NNHMe 4a (s,CO; MTBE 2 97 98 99
16 H,NNHMe 4a Cs,CO; toluene 3 96 96 97
17 H,NNHMe 4a Cs,CO; CH).Cl, 24 96 87 91
18 H,NNHMe 4b Cs,CO, iPr,O 7 89 88 92
19  H,NNHMe 4c Cs,CO, iPr,O 4 90 96 98
20 H,NNHMe 4d Cs,CO; iPr,0 16 94 —45  -26
21 H,NNHMe 4a Cs,CO, MTBE 2 92 98 98
22 H,NNHMe 4a Cs,CO, MTBE 5 99 96 96
237 H,NNHMe 4a Cs,CO, MTBE 6 91 99 98
248 H,NNHMe 4a Cs,CO, MTBE 21 81 98 99

[a] The reaction of 1a with hydrazine (3.0 equiv) was carried out in the
presence of 4 (10 mol %) and base (3.0 equiv) in solvent (0.017 M) under
air atmosphere at room temperature, unless otherwise noted. [b] Yield of
isolated product. [c] Determined by HPLC using a chiral stationary
phase. [d] Used 5 mol % of 4a. [e] Used 1 mol % of 4a. [f] Used 1.2 equiv
of H,NNHMe and Cs,COs, 5 mol % of 4a. [g] Used 1.2 equiv of
H,NNHMe, 0.3 equiv of Cs,CO;, 5 mol % of 4a. THF =tetrahydrofuran.

spurred us to investigate the detail of this unpredictable
epoxidation reaction. No reaction took place in the absence of
methylhydrazine (entry2) or Cs,CO; (entry 3). Low yields
(5-7%) were obtained when other hydrazines such as
H,NNH,, H.NNHPh, and H,NNHAc were used instead of
H,NNHMe (entries 4-6). Moreover, no reaction occurred
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when using dimethylhydrazine (H,NNMe,; entry 7). The
choice of base was crucial to obtaining good reaction yields
(entries 8-12), whereas the choice of solvent did not have
significant effects (entries 13—17). This optimization resulted
in the use of Cs,CO; and MTBE as choice conditions with
regard to both enantioselectivity and yield (entry 15). Other
cinchona alkaloids (4b, ¢) were also effective for this trans-
formation (entries 18 and 19) but the nature of the O pro-
tection had a clear influence only on the enantioselectivity
(entry 20). The effect of the catalyst loading was further
examined (entries 21-23). It should be noted that 1 mol % of
4a gave a comparable result (96 % ee; entry 22) to 5 mol % of
4a. A catalyst loading of 5mol% was chosen for the
remaining experiments given the shorter reaction time and
good enantioselectivity (entry21). The amounts of
H,NNHMe and Cs,COj; could be reduced to 1.2 equivalents
without any sacrifice in yield of the isolated product,
diastereo- and enantioselectivities (entry 23). Thus, the opti-
mum reaction conditions required the use of 5 mol% of 4a,
1.2 equivalents each of H,NNHMe and Cs,CO; in MTBE at
ambient temperature under air. Interestingly, the catalytic
amount of Cs,CO; is enough for this transformation without
any loss of the enantiomeric excess of 3a, even though the
chemical yield of 3a is slightly lower (81 % versus 91 %) and
a longer reaction time (21 h versus 6 h) is required under the
catalytic conditions (entries 23 versus 24).

With optimal reaction conditions in hand (entry 23,
Table 1), the scope of the H,NNHMe-mediated aerobic
asymmetric epoxidation of the p-trifluoromethyl-disubsti-
tuted enones 1 was explored (Table 2). A series of trifluoro-
methylated enone derivatives (1a—f, h-n) having a variety of
substituents, such as methyl, methoxy, chloro, bromo and
nitro groups, on the aromatic rings were nicely converted into
the corresponding products 3a—f, h-n in excellent yields with
96-99 % ee (entries 3-7 and 9-15). The sterically demanding
naphthyl-substituted enones 1g and 10 were also compatible
with the same reaction conditions, thus affording products 3g
and 3o in excellent yields with 99 and 98 % ee, respectively
(entries 8 and 16). The absolute stereochemistry of 3a was
clearly determined to be 25,3S by X-ray analysis of the O-3,5-
dichlorobenzoyl oxime derivative of 3a (see Figure S1 in the
Supporting Information), and all the other products were
tentatively assigned by analogy with 3a. The analogous
ammonium bromide 4e derived from quinine showed similar
excellent enantioselectivity for 3a with the opposite stereo-
chemistry (2R,3R; 99 %, 97 % ee, entry 2).

Next we used '®O-labeling experiments to elucidate the
mechanism of this unprecedented epoxidation reaction. In
particular, one task was to determine the origin of oxygen
atom of the epoxide, that is, whether it came from molecular
oxygen (air) or from water (moisture; Table 3). Epoxidation
did not occur under an argon atmosphere without exposure to
oxygen (entry 2), even in the presence of H,"*O (entry 3). In
contrast, the epoxidation of 1a under an 'O, atmosphere
quantitatively afforded the epoxide 3a where O incorpo-
ration into 3a was 90% (entry4). These results clearly
indicate that the epoxide’s oxygen atom originates from
molecular oxygen in air, but not from trace amounts of water
(i.e., moisture). Our next interest was the identification of an
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Table 2: Methylhydrazine-induced aerobic asymmetric epoxidation of
B-trifluoromethyl-B,3-disubstituted enones 1: Substrate generality.”!
H,NNHMe (1.2 equiv)
Cs,CO;3 (1.2 equiv)

cat. 4a (5 mol% 1
U , air (1 at(m) ) ArOO ,
FsC Ar? MTBE (0.017 M), RT  FaC Ar
1 3-12h (28, 35)-3
7z Br H
MeO i/zéj . \CHO(\G(N% .
MeO ~
H ﬂ - | b/CFS
N
4a CFs 4e  FiC
Entry 1  Ar' AP Yield d.rd ee [%]
(%] Major  Minor
1 la Ph Ph 91 95:5 99 98
2 Ta Ph Ph 99 95:5 -97 —98
(2R3R)
3 1b  3-MeCH, Ph 95 937 99 99
4 1c  4-MeCH, Ph 92 9456 99 98
5 1d  4-MeOCeH, Ph 91  94:6 98 99
6 le 4CICH,  Ph 90  95:5 98 99
7 1f 4-BrCH, Ph 97 95:5 98 97
8 1g 2-naphthyl  Ph 99 96:4 99 99
9 1h Ph 2-MeCH, 99  96:4 96 9%
10 Ti Ph 3-MeCgH, 99 93:7 98 98
11 1j Ph 4-MeC¢H, 91 93:7 98 98
12 1k Ph 4-MeOCH, 98  93:7 98 98
13 11 Ph 4CICH, 92 937 98 99
14 Tm Ph 4-BrCgH, 91 93:7 97 98
15  1n Ph 4NO,CH, 98  94:6 96 97
16 1o Ph 2-naphthyl 99 94:6 98 98

[a] The reaction of 1 with H,NNHMe (1.2 equiv) was carried out in the
presence of 4a (5 mol%) and Cs,CO; (1.2 equiv) in MTBE (0.017 m)
under air atmosphere at room temperature. [b] Yield of isolated product.
[c] Determined by '*F NMR spectroscopy. [d] Determined by HPLC using
a chiral stationary phase. [e] Used 4e was instead of 4a.

Table 3: "*O-labeling experiments.!
HNNHMe (1.2 equiv)
Ph O Cs,CO3 (1.2 equiv) Ph_ O

cat. 4a (5 mol%) o
\ —_—
FaC)\/U\Ph MTBE (0.05 M), RT,2h F3C Ph
1a (2S, 35)-3a
dr.= 955
Entry Conditions Yield '*O ee [%]

[%]® Content! Major Minor

1 air 90 - 97 98
2 argon <3 - nd. nd.
3 0, 95 90 97 98
4 argon + 10 equiv of H,"®0 <2 - nd. nd.
56 509% H,0, (1.2 equiv) 6 - 97 98
6! cumene hydrogen peroxide 24 - 59 63

(1.2 equiv)

[a] The reaction of 1a with H,NNHMe (1.2 equiv) was carried out in the
presence of 4a (5 mol%) and Cs,CO; (1.2 equiv) in MTBE (2.0 mL,
0.05 M) at room temperature. [b] Yield of isolated product. [c] Deter-
mined by El mass analysis (average of three times) [d] Determined by
HPLC using a chiral stationary phase. [e] The reaction was carried out in
the absence of H,NNHMe under nitrogen atmosphere.

actual oxidant generated from H,NNHMe and molecular
oxygen under the reaction conditions. It is reported that

radical species are generated from hydrazine compounds
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through the formation of diazenes in the presence of
oxidants.'""?! This reaction also involves the formation of
hydrogen peroxide through a radical process.'"'? Thus, it
appears that H,NNHMe is oxidized by oxygen in the presence
of a base, probably by a single-electron transfer.''“**l To see
the in situ generation of hydrogen peroxide, we examined the
reaction using 50% hydrogen peroxide under a nitrogen
atmosphere instead of the H,NNHMe/air system (entry 5).
Interestingly, the reaction proceeded to provide 3a with the
same enantioselectivity, although the chemical yield was
slightly decreased (66 % ). It would be interesting to know if
any other oxidizing agents have been applied in this reaction.
When cumene hydrogen peroxide was used, a lower yield and
lower enantioselectivity were observed (entry 6).

Based on these results, we propose the reaction mecha-
nism to proceed as shown in Scheme 2.2 First, the oxidation
of H,NNHMe with molecular oxygen is initiated by a single-
electron transfer between H,NNHMe and the base!'"*' to
provide the methyldiazenyl radical A with loss of H'. The

First process

base base| 0
[base] ™ . o
MeNHNH, [MeNHNH2 MeN-NH, MeN-NH,
\, A B
H* - l
T base lbasel S'éééhab'r'dééé's""g .
{ CH, Me + Ny =—— MeN=N' i[MeN:NH] + Ho0,
' H* D c :

e H 1 H20

3

Scheme 2. A proposed reaction mechanism consisting of two process-
es.

radical A reacts with oxygen to give the radical peroxide B,
which transforms into the cation radical of methyldiazene,
[MeN=NH]*, and hydrogen peroxide. This first process could
be supported by the fact that the generation of hydrogen
peroxide by oxidation of hydrazines with molecular oxygen is
reported, although the reported process is generally catalyzed
by transition metals such as CoCL."™"* Thus the hydrogen
peroxide generated in the first process oxidizes the f,3-
disubstituted enone 1 to afford the epoxide 3 with the loss of
a water. The lower chemical yield of 3a when using 50 % H,O,
instead of the H,NNHMe/air system (entry 5, Table 3) might
be explained by the purity of H,O,, since our H,NNHMe/air
system generates highly reactive and pure H,O, in situ. In the
second process (Scheme 2), the [MeN=NH]* is simultane-
ously converted into a methyl radical and nitrogen via the
methyldiazenyl radical C (MeN=N-). Then the reaction
sequence ends with the formation of methane and regener-
ation of the base.'¥ The second process is supported by the
fact that the formation of alkanes through oxidation of
hydrazines, by way of the alkyl radicals formed by oxidation
of the monosubstituted diazenes, is reported.[''! Although the
poor reactivity of hydrazine derivatives such as H,NNH,,
H,NNHPh, and H,NNHACc (entries 4-6, Table 1) is not clear,
it could be explained by the lack of stability of the
corresponding amino radical intermediates compared to the
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radical A derived from H,NNHMe, thus causing the first step
of peroxide generation to be slow. Besides, H,NNHMe should
be oxidized easier than other hydrazine derivatives because of
the electron-rich nitrogen atom. The reason why there was no
reaction using H,NNMe, (entry 7, Table 1) is that H,NNMe,
cannot furnish the radical intermediate A because of the lack
of hydrogen on the corresponding nitrogen atom. The radical
process was finally confirmed by the experiments using
TEMPO for the scavenger of generated methyl radical
(Scheme 3a). Moreover, to ascertain whether Cs,COj; is
truly capable of catalysis for oxidation of H,NNHMe with
oxygen, a process which is usually catalyzed by transition
metals,'! the experiment as shown in Scheme 3b was carried
out. Indeed, the formation of methylated TEMPO was
observed.

4a (5 mol%)
H,NNHMe (1.2 equiv)
Cs,CO;3 (1.2 equiv)
Ph O TEMPO (1.0 equiv) Ph_ O

Air (1 atm) (0] . >(\/k
Fgc)\/”\ Ph KI/U\Ph N

MTBE (0.017 M), RT, 6 h F3C )

1 3a OMe
a 85%, d.r. = 955 1%

b)

98% ee (major) (from "H NMR
Lk

a)

99% ee (minor) spectroscopy)

L)<

H,NNHMe (1.0 equiv)
Cs,CO;3 (1.0 equiv)

Air (1 atm)
) CD5CN (0.1 M), RT, 1 h )
o] OMe
28%
TEMPO (from "H NMR

spectroscopy)

Scheme 3. Experiments for the identification of methyl radical gener-
ated by the use of TEMPO.

In conclusion, we have discovered an unprecedented,
asymmetric aerobic epoxidation induced by H,NNHMe. The
aerobic epoxidation of p-trifluoromethyl-,3-disubstituted
enones catalyzed by cinchona alkaloids under air in the
presence of a base and H,NNHMe provides enantiomerically
enriched trifluoromethyl-substituted epoxides in excellent
yields and enantioselectivities (96-99 % ee). These epoxides
can serve as potential building blocks in the field of medicinal,
agrochemical, and material chemistry. The key for this success
was the unique behavior of H,NNHMe in the presence of
oxygen with a base for the generation of pure hydrogen
peroxide. Methylhydrazine is indispensable for aerobic epox-
idation and this phenomenon would not have been discovered
had used other hydrazine derivatives. Non-transition-metal
activation of molecular oxygen is unique and, to the best of
our knowledge, the aerobic system does not fall into the
reported category of catalytic epoxidation. Further work on
the application of this methylhydrazine-induced asymmetric
aerobic epoxidation is in progress.!'”!

Received: November 22, 2012
Revised: December 23, 2012
Published online: January 21, 2013

Keywords: epoxidation - organocatalyst - oxygen -
reaction mechanisms - synthetic methodology

www.angewandte.org

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[1] T. Katsuki, K. B. Sharpless, J. Am. Chem. Soc. 1980, 102, 5974 -
5976.

[2] a) M. J. Porter, J. Skidmore, Chem. Commun. 2000, 1215-1225;

b) Q.-H. Xia, H.-Q. Ge, C.-P. Ye, Z.-M. Liu, K.-X. Su, Chem.

Rev. 2005, 105, 1603-1662; c) O. A. Wong, Y. Shi, Chem. Rev.

2008, 708, 3958 -3987; d) K. Matsumoto, T. Katsuki in Catalytic

Asymmetric Synthesis, 3rd ed. (Ed.: 1. Ojima), Wiley-VCH, New

York, 2010.

a) W. Zhang, J. L. Loebach, S. R. Wilson, E. N. Jacobsen, J. Am.

Chem. Soc. 1990, 112, 2801 -2803; b) R. Irie, K. Noda, Y. Ito, N.

Matsumoto, T. Katsuki, Tetrahedron Lett. 1990, 31, 7345-7348;

¢) M. Bougauchi, S. Watanabe, T. Arai, H. Sasai, M. Shibasaki, J.

Am. Chem. Soc. 1997, 119, 2329-2330; d) W. Zhang, H.

Yamamoto, J. Am. Chem. Soc. 2007, 129, 286-287; e) K.

Matsumoto, T. Oguma, T. Katsuki, Angew. Chem. 2009, 121,

7568-7571; Angew. Chem. Int. Ed. 2009, 48, 7432 —7435.

[4] a) T. Mukaiyama, T. Yamada, T. Nagata, K. Imagawa, Chem.
Lett. 1993, 327-330; b) D. Enders, J. Zhu, G. Raabe, Angew.
Chem. 1996, 108, 1827 —-1829; Angew. Chem. Int. Ed. Engl. 1996,
35, 1725-1728; ¢) T.-S. Lai, R. Zhang, K.-K. Cheung, H.-L.
Kwong, C.-M. Che, Chem. Commun. 1998, 1583-1584; d) H.
Tanaka, H. Nishikawa, T. Uchida, T. Katsuki, J. Am. Chem. Soc.
2010, 732, 12034-12041; e) S. Koya, Y. Nishioka, H. Mizoguchi,
T. Uchida, T. Katsuki, Angew. Chem. 2012, 124, 8368-8371;
Angew. Chem. Int. Ed. 2012, 51, 8243 —8246.

[5] a) X.-Y. Wu, X. She, Y. Shi, J. Am. Chem. Soc. 2002, 124, 8792 -
8793; b) T. Ooi, D. Ohara, M. Tamura, K. Maruoka, J. Am.
Chem. Soc. 2004, 126, 6844 —6845; c) M. Marigo, J. Franzen, T. B.
Poulsen, K. A. Jgrgensen, J. Am. Chem. Soc. 2005, 127, 6964 —
6965; d) B. F. Sun, B. Cindric, L. Deng, J. Am. Chem. Soc. 2008,
130, 8134-8135; e¢) X. Wang, C. M. Reisinger, B. List, J. Am.
Chem. Soc. 2008, 130, 6070-6071.

[6] a) W. Adam, P. B. Rao, H.-G. Degen, C. R. Saha-Moller, Eur. J.
Org. Chem. 2002, 630-639; b) Y. Nishikawa, H. Yamamoto, J.
Am. Chem. Soc. 2011, 133, 8432 —8435.

[7] Y. Chu, X. Liu, W. Li, X. Hu, L. Lin, X. Feng, Chem. Sci. 2012, 3,
1996 —2000.

[8] a) . T. Welch, S. Eswarakrishman, Fluorine in Bioorganic

Chemistry, Wiley, New York, 1991; b)P. Kirsch, Modern

Fluoroorganic Chemistry, Wiley-VCH, Weinheim, 2004; c) K.

Uneyama, Organofluorine Chemistry, Blackwell, Oxford, UK,

2006; d) K. Miiller, C. Faeh, F. Diederich, Science 2007, 317,

1881-1886; ¢) I. Ojima, Fluorine in Medicinal Chemistry and

Chemical Biology, Wiley-Blackwell, Chichester, UK, 2009.

a) S. Mizuta, N. Shibata, S. Akiti, H. Fujimoto, S. Nakamura, T.

Toru, Org. Lett. 2007, 9, 3707-3710; b) S. Ogawa, N. Shibata, J.

Inagaki, S. Nakamura, T. Toru, Angew. Chem. 2007, 119, 8820—

8823; Angew. Chem. Int. Ed. 2007, 46, 8666 -8669; c) H. Kawai,

A. Kusuda, S. Nakamura, M. Shiro, N. Shibata, Angew. Chem.

2009, 121, 6442 -6445; Angew. Chem. Int. Ed. 2009, 48, 6324 —

6327; d) Y. Huang, E. Tokunaga, S. Suzuki, M. Shiro, N. Shibata,

Org. Lett. 2010, 12, 1136-1138; e) H. Kawai, K. Tachi, E.

Tokunaga, M. Shiro, N. Shibata, Org. Lett. 2010, 12, 5104 -5107;

f) A. Matsnev, S. Noritake, Y. Nomura, E. Tokunaga, S.

Nakamura, N. Shibata, Angew. Chem. 2010, 122, 582-586;

Angew. Chem. Int. Ed. 2010, 49, 572-576; g) H. Kawali, K. Tachi,

E. Tokunaga, M. Shiro, N. Shibata, Angew. Chem. 2011, 123,

7949 -7952; Angew. Chem. Int. Ed. 2011, 50, 7803 —7806.

[10] a) K. Matoba, H. Kawai, T. Furukawa, A. Kusuda, E. Tokunaga,
S. Nakamura, M. Shiro, N. Shibata, Angew. Chem. 2010, 122,
5898-5902; Angew. Chem. Int. Ed. 2010, 49, 5762 -5766; b) H.
Kawai, Y. Sugita, E. Tokunaga, H. Sato, M. Shiro, N. Shibata,
Chem. Commun. 2012, 48, 3632-3634; c)H. Kawai, T.
Kitayama, E. Tokunaga, T. Matsumoto, H. Sato, M. Shiro, N.
Shibata, Chem. Commun. 2012, 48, 4067 —4069; d) H. Kawai, S.
Okusu, E. Tokunaga, H. Sato, M. Shiro, N. Shibata, Angew.

3

—

[9

—

Angew. Chem. Int. Ed. 2013, 52, 22212225


http://dx.doi.org/10.1021/ja00538a077
http://dx.doi.org/10.1021/ja00538a077
http://dx.doi.org/10.1039/b001780i
http://dx.doi.org/10.1021/cr0406458
http://dx.doi.org/10.1021/cr0406458
http://dx.doi.org/10.1021/cr068367v
http://dx.doi.org/10.1021/cr068367v
http://dx.doi.org/10.1021/ja00163a052
http://dx.doi.org/10.1021/ja00163a052
http://dx.doi.org/10.1016/S0040-4039(00)88562-7
http://dx.doi.org/10.1021/ja964037o
http://dx.doi.org/10.1021/ja964037o
http://dx.doi.org/10.1021/ja067495y
http://dx.doi.org/10.1002/ange.200903567
http://dx.doi.org/10.1002/ange.200903567
http://dx.doi.org/10.1002/anie.200903567
http://dx.doi.org/10.1246/cl.1993.327
http://dx.doi.org/10.1246/cl.1993.327
http://dx.doi.org/10.1002/ange.19961081530
http://dx.doi.org/10.1002/ange.19961081530
http://dx.doi.org/10.1002/anie.199617251
http://dx.doi.org/10.1002/anie.199617251
http://dx.doi.org/10.1039/a802009d
http://dx.doi.org/10.1021/ja104184r
http://dx.doi.org/10.1021/ja104184r
http://dx.doi.org/10.1002/ange.201201848
http://dx.doi.org/10.1002/anie.201201848
http://dx.doi.org/10.1021/ja020478y
http://dx.doi.org/10.1021/ja020478y
http://dx.doi.org/10.1021/ja048600b
http://dx.doi.org/10.1021/ja048600b
http://dx.doi.org/10.1021/ja051808s
http://dx.doi.org/10.1021/ja051808s
http://dx.doi.org/10.1021/ja801181u
http://dx.doi.org/10.1021/ja801181u
http://dx.doi.org/10.1002/1099-0690(200202)2002:4%3C630::AID-EJOC630%3E3.0.CO;2-Y
http://dx.doi.org/10.1002/1099-0690(200202)2002:4%3C630::AID-EJOC630%3E3.0.CO;2-Y
http://dx.doi.org/10.1021/ja201873d
http://dx.doi.org/10.1021/ja201873d
http://dx.doi.org/10.1039/c2sc20218b
http://dx.doi.org/10.1039/c2sc20218b
http://dx.doi.org/10.1021/ol701791r
http://dx.doi.org/10.1002/ange.200703317
http://dx.doi.org/10.1002/ange.200703317
http://dx.doi.org/10.1002/anie.200703317
http://dx.doi.org/10.1002/ange.200902457
http://dx.doi.org/10.1002/ange.200902457
http://dx.doi.org/10.1002/anie.200902457
http://dx.doi.org/10.1002/anie.200902457
http://dx.doi.org/10.1021/ol100171z
http://dx.doi.org/10.1021/ol102189c
http://dx.doi.org/10.1002/ange.200905225
http://dx.doi.org/10.1002/anie.200905225
http://dx.doi.org/10.1002/ange.201102442
http://dx.doi.org/10.1002/ange.201102442
http://dx.doi.org/10.1002/anie.201102442
http://dx.doi.org/10.1002/ange.201002065
http://dx.doi.org/10.1002/ange.201002065
http://dx.doi.org/10.1002/anie.201002065
http://dx.doi.org/10.1039/c2cc18052a
http://dx.doi.org/10.1039/c2cc18049a
http://dx.doi.org/10.1002/ange.201201278
http://www.angewandte.org

(11]

(12]

(13]

(14]

Angew. Chem. Int. Ed. 2013, 52, 2221-2225

Chem. 2012, 124, 5043 -5046; Angew. Chem. Int. Ed. 2012, 51,
4959 -4962.

a) H. Aebi, B. Dewald, H. Suter, Helv. Chim. Acta 1965, 48, 656 —
674; b) E. G. Samsel, J. K. Kochi, Inorg. Chem. 1986, 25, 2450 -
2451; c) E. Kosower, Acc. Chem. Res. 1971, 4, 193-198; d) T.
Taniguchi, Y. Sugiura, H. Zaimoku, H. Ishibashi, Angew. Chem.
2010, 122,10352-10355; Angew. Chem. Int. Ed. 2010, 49, 10154 -
10157.

We sincerely acknowledge one of the reviewers on our manu-
script for his/her smart suggestion concerning mechanism of our
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The base is indispensable for this oxidation since no reaction was
observed in the absence of base (entry 3, Table 1).

Although a catalytic amount of base is enough for this oxidation
(entry 24, Table 1), we used a stoichiometric amount of base

[15]
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because of the shorter reaction time and higher chemical yields.
This could be explained by a poor solubility of base in organic
solvent.

It should be noted that this hydrazine-induced aerobic epox-
idation is not only applicable to trifluoromethyl-disubstituted
enones, but also to nonfluorinated disubstituted enones, that is,
aerobic epoxidation of the nonfluorinated analogue of 1a, (Z)-
1,3-diphenylbut-2-en-1-one, in the presence of 4a (5 mol%),
H,NNHMe (3.0 equiv), and Cs,COj; (3.0 equiv) in MTBE gave
the nonfluorinated analogue of 3a, ((25,3R)-3-methyl-3-phenyl-
oxiran-2-yl)(phenyl)methanone, in 71 % yield as a major isomer
(d.r.=73:27), though no enantioselectivity was observed (6 %
ee).
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